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ELECTROCALORIC MEASUREMENTS OF TARTARIC ACID 

A pyroelectric substance can be thought of as a ferroelec- 

tric substance whose spontaneous polarization though dependent 

upon temperature and electric field, cannot be reversed by an elec- 

tric field. For purposes of measuring its electrocaloric effect, 

a pyroelectric crystal can be regarded as being self-biased to a 

large initial value of polarization; i.e., to a state analogous to 

those in the thermodynamically reversible tail of a hysteresis cycle. 

For a complete analysis of the electrocaloric effect exhibited 

by any substance, one needs, besides the electrocaloric measure- 

ments themselves, the specific heat c (T) and the spontaneous pola- 

rization Ps(T) of the substance as functions of temperature. 
P 

We 

have made the desired electrocaloric measurements of a pyroelectric 

crystal (tartaric acid) but they will not be discussed until we have 
.. 

8 obtarlned data for the specific heat, probably from another labora- 

tory; published values are averages over wide ranges of temperature 

or values for a few selected temperatures. Our attempts to measure 

Ps(T) f o r  tartaric acid are described in the next section. 

THERMAL DEPOLARIZATION OF TRIGLYCINE SULFATE AND TARTARIC ACID 

The spontaneous polarization of tartaric acid cannot be reversed 

by an electric field, so the usual method of determining Ps(T) from 

the hysteresis cycle fails. The only published value that we have 

found for the spontaneous polarization of a pyroelectric crystal is 
2 Voigt's estimated lower limit of 33 esu/cm (0.11 millicoul/m ) cited 

by Cadyl for tourmaline at 24OC. Voigt obtained this value 
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by cleaving a crystal'perpendicular to its pyroelectric axis and im- 

mersing the two parts in cups of mercury that were connected to an 

electrometer. This method is subject to much error. 

Thermally induced changes in Ps can be determined by integrat- 

ing the "thermal depolarization current", the current that flows 

when a short-circuited crystal is heated or cooled. In principle, 

if the crystal is heated until Ps is reduced to zero, the value of 

Ps as a function of temperature can be determined. Unfortunately, 

there is no way to know from external measurements whether Ps really 

disappears or is masked by internal conductivity as the temperature 

is raised. Moreover, the true thermal depolarization current can be 

mingled with currents arising from excessive temperature gradients 
1 (so-called tertiary pyroelectricity ) or by internal migration of 

space charge caused by previously applied fields, for example a field 

that may have been generated by the crystal's own pyroelectric effect. 

To test its validity, the method of determining Ps (T) from 

mnc3c  lllLu,~L,ments 1-0 of thermal depolarization currents was tried on trigly- 

cine sulfate (TGS) for which Ps(T) is known from both hysteresis and 

electrocaloric measurements. 2 ,3  

Experimental Method 

At "higher" temperatures where our Wood's-metal vacuum seals 

might fail, the apparatus represented by Fig. 1 (with the necessary 

electrostatic shields omitted)was used. The field applied to the 

crystal was kept at a negligible value either by using the electro- 

meter in its feed-back mode or by adjusting the compensating circuit. 

Except for tartaric acid crystals at temperatures above 39UoK, these 
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. p r e c a u t i o n s  were found t o  be  unnecessa ry  s i n c e  f u l l  compensat ion pro-  

duces  a maximum change o f  on ly  1% i n  t h e  measured c u r r e n t .  

The r a t e  o f  t e m p e r a t u r e  r i s e  was c o n t r o l l e d  c r u d e l y  by a motor- 

d r i v e n  t h e r m o s t a t ;  c o o l i n g  was u n c o n t r o l l e d  -- t h e  oven was m e r e l y  

t u r n e d  o f f .  I n  a l l  c a s e s  t h e  t e m p e r a t u r e  o f  t h e  c r y s t a l  was moni- 

t o r e d  by a s t r i p - c h a r t  r e c o r d e r .  

A t  lower  t e m p e r a t u r e s ,  t h e  c r y s t a l  chamber d e s c r i b e d  i n  o u r  

Repor t   NO.^^ 
meter r e p l a c e d  t h e  b r e a k e r  a m p l i f i e r  q and c a p a c i t o r  CD 

F i g .  2 o f  t h a t  r e p o r t .  Various c o o l a n t s  p l a c e d  i n  t h e  dewar which 

s u r r o u n d s  t h i s  a p p a r a t u s  caused t h e  d e s i r e d  changes i n  t e m p e r a t u r e .  

was used except  t h a t  t h e  K e i t h l e y  Model 6 1 0 B  e l e c t r o -  

shown i n  

Measurements of  T r i g l y c i n e .  S u l f a t e  (TGS) 

P r e l i m i n a r y  exper iments  were performed w i t h  TGS c r y s t a l s  

grown i n  t h i s  l a b o r a t o r y .  The f o l l o w i n g  o b s e r v a t i o n s  can  be made 

a b o u t  tnese  expe r imen t s :  

(1) I n v e r t i n g  t h e  c r y s t a l  i n  i t s  h o l d e r  and t h e n  making o t h e r -  

wise i d e n t i c a l  measurements o f  t h e  t h e r m a l d e p o l a r i z a t i o n  

c u r r e n t  showed t h a t  unwanted t h e r m a l  g r a d i e n t s  d i d  n 6 t  

g e n e r a t e  s p u r i o u s  c u r r e n t s .  

E i g h t - f o l d  v a r i a t i o n s  i n  h e a t i n g  or c o o l i n g  r a t e  d i d  n o t  

g i v e  a s i g n i f i c a n t  change i n  t h e  observed  v a l u e s  o f  PscT) .  

Rep lac ing  t h e  s i l v e r  p a s t e  e l e c t r o d e s  by  g o l d l e a f  e l e c t r o d e s  

gave no s i g n i f i c a n t  change i n  t h e  observed  v a l u e s  o f  P s ( T ) .  

P r i o r  c o o l i n g  o f  t h e  specimen from 448OK t o  room tempera- 

t u r e  w i t h  an  e l e c t r i c  f i e l d  a p p l i e d  l e f t  no r e s i d u a l  

c h a r g e s  t o  s p o i l  t h e  measurements of  Ps(T). 

( 2 )  

( 3 )  

(4) 
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( 5 )  The p o l a r i z a t b n a s  measured by t h i s  method can  be 

changed i n  s i g n  by  t h e  a p p l i c a t i o n  o f  a f i e l d  below 

t h e  C u r i e  t e m p e r a t u r e  whereas  i t  cannot  be changed by 

a f i e l d  a p p l i e d  above t h e  Cur i e  t e m p e r a t u r e ;  i . e . ,  

t e m p o r a r i l y  h e a t i n g  a p r e v i o u s l y - p o l a r i z e d  c r y s t a l  

above Tc caused  i t  t o  r e v e r t  t o  a p r e f e r r e d  p o l a r i t y  

which was e v i d e n t l y  e s t a b l i s h e d  when t h e  c r y s t a l  was 

grown. 

H e a t i n g  a c r y s t a l  which had been  p r e v i o u s l y  p o l a r i z e d  

o p p o s i t e l y  t o  i t s  p r e f e r r e d  p o l a r i t y  would when h e a t e d  

b e g i n  t o  d e p o l a r i z e  ( a b o u t  2' t o o  low) f i r s t  i n  t h e  

d i r e c t i o n  e x p e c t e d  from i t s  p r e f e r r e d  p o l a r i t y  and t h e n  

i n  a d i r e c t i o n  c o n s i s t e n t  w i t h  t h e  p o l a r i z i n g  f i e l d .  

T h i s  e f f e c t  i s  c o n s i s t e n t  w i t h  t h e  asymmetry p r e v i o u s l y  

( 6 )  

obse rved  i n  t h e  h y s t e r e s i s  l o o p s  o f  c r y s t a l l i n e  TGS. 3 

( 7 )  Cool ing  and h e a t i n g  gave q u a n t i t a t i v e l y  r e v e r s i b l e  changes 

i n  p o l a r i z a t i o n  u n l e s s  t h e  e f f e c t  n o t i c e d  i n  ( 6 )  above 

was o c c u r r i n g .  

D e p o l a r i z a t i o n  measurements made w i t h  t h e  same TGS c r y s t a l  

t h a t  was used  i n  t h e  e l e c t r o c a l o r i c  measurements3 

of 28 .3  m i l l i c o u l / m 2  

t o  t h e  v a l u e  o b t a i n e d  from t h e  e l e c t r o c a l o r i c  measurements.  The 

o b s e r v e d  v a l u e s  of t h e  c r i t i c a l  t e m p e r a t u r e  a r e  n o t  a c c u r a t e ;  t h e y  

v a r i e d  between 321.0°K and 323.2'K as compared t o  322.60°K o b t a i n e d  

by t h e  e l e c t r o c a l o r i c  method. 

y i e l d e d  a v a l u e  

f o r  Ps a t  3 0 3 ' ~ ~  a v a l u e  t ha t  i s  i d e n t i c a l  

I n  view of t h e  t e s t s  c i t e d ,  we b e l i e v e  t ha t  t h e  method o f  t h e r -  

m a l  d e p o l a r i z a t i o n  i s  an  a c c u r a t e  way t o  measure Ps(T), a t  l ea s t  
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accurately enough so that comparable measurements of a pyroelectric 

substance should be taken seriously. 

Measurements of Tartaric Acid 

Crystals grown in this laboratory by evaporation from water 

solution, and a crystal grown by Clevite gave equivalent results. 

Some properties of crystalline tartaric acid are given below: 

Formula : 

Size of crystals: 

Density: 

Crystal symmetry: 

Pyroelectric axis: 

‘qH6O6 d-form 

approx. 1.5 cm2 by 2 mm. 

1.760 g/cm’. 

Monoclinic 

Along [llO] 

The laboratory-grown crystals were water polished and given a 

light sanding to remove etch pits, and then electrodes of silver 

p a s t e  Fiere applied tc their entire rnaJnr s u r f a c e s .  

The Clevite specimen was used just as it was prepared for the 

electrocaloric measurements. 

The thermal depolarization currents from virgin specimens of 

tartaric acid are like those expected from any crystal such as TGS 

which undergoes a second-order phase transition. The transition 

temperature is taken as the temperature at which the depolarization 

current goes to zero while the temperature of the crystal is still 

rising. Values of P (T) that were obtained by integrating the depo- 

larization current as one typical specimen was heated from 298OK to 
S 

4 1 3 O K  are shown in the right-hand portion of Fig. 2. 
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Except f o r  v a r i a t i o n s  of about  f3'K i n  t h e  tlransitliDn temper- 

a t u r e ,  a l l  v i r g i n  c r y s t a l s  g ive  n e a r l y  t h e  same v a l u e s  f o r  Ps(T); 

moreover t h e i r  p o l a r i z a t i o n  i s  q u a n t i t a t i v e l y  r e v e r s i b l e  w i t h  res- 

p e c t  t o  t e m p e r a t u r e  p rov ided  t h a t  t h e  c r y s t a l s  are  n o t  heated t o o  

c l o s e  t o  t h e  t r a n s i t i o n  t e m p e r a t u r e .  Overhea t ing  i n c r e a s e s  or 

d e c r e a s e s  t h e  t r a n s i t i o n  t empera tu re  b y  a n  u n p r e d i c t a b l e  amount, 

sometimes t e n  o r  f i f t e e n  degrees .  Above t h e  t r a n s i t i o n ,  t h e r m a l l y  

s t i m u l a t e d  c u r r e n t  o c c u r s ,  bu t  n o t  even i t s  d i r e c t i o n  i s  p r e d i c t a b l e ;  

moreover ,  exceed ing  t h e  t r a n s i t i o n  t e m p e r a t u r e  causes  t h e  s u r f a c e  

of t h e  c r y s t a l  t o  become s l i g h t l y  s t i c k y  and bumpy. 

'Rhe e r r a t i c  b e h a v i o r  o f  c r y s t a l l i n e  t a r t a r i c  a c i d  n e a r  i t s  

t ransf t t i 'on temperabure  p reven ted  us  from o b t a i n i n g  p r e c i s e  v a l u e s  

o f  Ps(T). On t h e  o t h e r  hand,  a31 a r y s t a l s  gave c o n s i s t e n t  v a l u e s  

f o r  Ps(T) below 396OK, and i n  no c r y s t a l  d4'd t h e  zipparen& t r a n s i -  

t i o n  t e m p e r a t u r e  o c c u r  below t h i s  t e m p e r a t u r e .  

F i g .  2 r e p r e s e n t s  a combinat ion o f  t h e  t h e r m a l  d e p o l a r i z a t i o n  

measurements on two v i r g i n  samples .  

t h r o u g h  i t s  t r a n s i t i o n  t e m p e r a t u r e ,  and t h e  o t h e r  was coo led  from 

One was heated from 298OK 

328.9OK to 108.4'K. 

e l e c t r o c a l o r i c  measurements ( n o t  y e t  r e p o r t e d )  were made. The two 

s e t s  o f  data  were f i t t e d  a t  305.2'K. 

well-known b e h a v i o r  o f  f e r r o e l e c t r i c  s u b s t a n c e s  r e v e a l s  t h e  expec ted  

The l a t t e r  c r y s t a l  was t h e  same one on which 

Comparison o f  F i g .  2 w i t h  t h e  

q u a l i t a t i v e  s i m i l a r i t y  between Ps(T) f o r  p y r o e l e c t r i c  t a r t a r i c  a c i d  

and f e r r o e l e c t r i c  t r i g l y c i n e  s u l f a t e  o r ,  f o r  t h a t  ma t t e r ,  any f e r -  

r o e l e c t r i c  s u b s t a n c e  which undergoes a second-order  t r a n s i t i o n .  

We b e l i e v e  t h a t  t h e  v a l u e s  shown i n  F i g .  2 r e p r e s e n t  more n e a r l y  

t h e  i n t e r n a l  p o l a r i z a t i o n  o f  t a r t a r i c  a c i d  t h a n  do t h e  much s m a l l e r  
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v a l u e s  p r e v i o u s l y  p u b l i s h e d  for s i m i l a r  s u b s t a n c e s .  Our v a l u e s ,  

i f  i n  e r r o r ,  a re  more l i k e l y  t o  b e  t o o  low t h a n  t o o  h i g h .  

The p y r o e l e c t r i c  c o e f f i c i e n t  for a s h o r t - c i r c u i t e d ,  uns- 
3 t r e s sed  c r y s t a l  i s  g i v e n  by t h e  e x p r e s s i o n  

s o  t h e  p y r o e l e c t r i c  c o e f f i c i e n t  o f  t a r t a r i c  a c i d  i s  t h e  s l o p e .  

of F i g .  2 .  I t s  v a l u e  as a f u n c t i o n  o f  t e m p e r a t u r e  i s  shown i n  

F i g .  3. 

Comparison o f  t h e  p y r o e l e c t r i c  c o e f f i c i e n t  t o  t h e  e l e c t r o c a l -  

o r i c  data and t h e  use  o f  these  da ta  t o  e v a l u a t e  t a r t a r i c  a c i d  as a 

r a d i a t i o n  d e t e c t o r  r e q u i r e  da ta  f o r  t h e  s p e c i f i c  heat as a func-  

t i o n  o f  t e m p e r a t u r e ;  these d a t a  are  no t  y e t  a v a i l a b l e .  However, our 

low-temperature  t e s t  chamber, though no t  s u i t a b l e  f o r  measur ing  

s p e c i f i c  hea t ,  i s  w e l l - s u i t e d  f o r  d e t e c t i n g  anomal ies  i n  t h e  s p e c i -  

f i c  heat .  The method of d e t e c t i o n  c o n s i s t s  o f  c o o l i n g  o r  h e a t i n g  

t h e  whole a p p a r a t u s  s lowly  w h i l e  measuring t h e  t e m p e r a t u r e  d i f f e r -  

e n c e  between t h e  mounted c r y s t a l  and t h e  mass ive  copper  chamber t h a t  

s u r r o u n d s  i t ,  a method t h a t  we employed p r e v i o u s l y .  T h i s  method 

r e v e a l e d  no anomal ies  i n  t h e  s p e c i f i c  heat o f  t a r t a r i c  a c i d  between 

104OK and 33OoK even though i t  was s e n s i t i v e  enough t o  d e t e c t  t h e  

thermal  d i s t u r b a n c e  r e s u l t i n g  from a small c h i p p i n g  o f  t h e  c r y s t a l  

t h a t  o c c u r r e d  a t  232'K whi le  t h e  c r y s t a l  was be ing  reheated t o  room 

t e m p e r a t u r e .  The absence  of an  anomaly i n  t h e  s p e c i f i c  hea t  i n  con- 

j u n c t i o n  w i t h  t h e  measured v a l u e s  o f  P s ( T )  means t h a t  t h e  e l e c t r o -  

c a l o r i c  e f f e c t  shou ld  b e  a smooth f u n c t i o n  o f  t h e  t empera tu re  and 

t h a t  t h e  v a r i a t i o n  of t h e  p y r o e l e c t r i c  c o e f f i c i e n t  w i t h  t empera tu re  
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as p l o t t e d  i n  F i g .  3 g i v e s  a good q u a l i t a t i v e  p i c t u r e  o f  i t s  s e n s i -  

t i v i t y  as a r a d i a t i o n  d e t e c t o r .  

VACUUM-PLATED VS. SILVER PASTE ELECTRODES 

Accounts i n  t h e  l i t e r a t u r e '  and expe r imen t s  i n  t h i s  l a b o r a -  

t o r y  r e v e a l  t h a t  some t y p e s  of measurements on f e r r o e l e c t r i c  subs-  

t a n c e  are  a f f e c t e d  by t h e  k ind  o f  e l e c t r o d e s  used .  Ohmic c o n t a c t  

by the '  e l e c t r o d e s  which i s  s o  impor t an t  i n  measurements o f  semicon- 

d u c t o r s  and pho toconduc to r s  i s  n o t  i m p o r t a n t  i n  f e r r o e l e c t r i c  measure- 

ments  inasmuch as f e r r o e l e c t r i c  s u b s t a n c e s  are  good i n s u l a t o r s .  Conse- 

q u e n t l y ,  t h e  e f f e c t  o f  d i f f e r e n t  e l e c t r o d e s  i s  due n o t  t o  t h e  d i f f e r -  

e n t  metals i n v o l v e d  b u t  t o  d i f f e r e n c e s  i n  t h e  in t imacy  o f  c o n t a c t  

between t h e  d i e l e c t r i c  a n d ' t h e  e l e c t r o d e .  Lack o f  i n t i m a t e  c o n t a c t ,  

which  i s  due t o  a f i l m  o f  f o r e i g n  s u b s t a n c e ,  a gap ,  or t h e  a b r u p t  

change i n  p r o p e r t i e s  n e a r  t h e  s u r f a c e  o f  t h e  d i e l e c t r i c ,  can b e  s i m -  

u l a t e d  by a p a i r  o f  gaps  which, f o r  t h e  p r e s e n t  c a s e ,  can  be lumped 

i n t o  one as shown i n  F i g .  4 .  

P2=0  
I I -1  

'T 
F i g .  4 .  One Gap d2  S i m u l a t e s  Imper fec t  D i e l e c t r i c - E l e c t r o d e  

C o n t a c t s .  Region 1 r e p r e s e n t s  t h e  d i e l e c t r i c  and r e g i o n  2 r e p r e s e n t s  



. 

. 

E x p e r i m e n t a l l y ,  t h e  p o l a r i z a t i o n  P1 is  computed from measured 

v a l u e s  of  t h e  s u r f a c e  cha rge  d e n s i t y  on t h e  e l e c t r o d e s .  I n  r a t i o n a -  

l i z e d  MKS u n i t s  w e  can  wr i t e  

= E  d + E  d 
v1 1 1  2 2 ,  

E2 = K 2  

+ pl. D = u = E  
0 

and 

(36 )  

(37)  

S o l v i n g  these e q u a t i o n s  f o r  P g i v e s  
1 

p1 = ~ ( l  - d2/dl K2 - V/dl (38)  

so ,  a t  f i rs t  t h o u g h t ,  u seems t o  b e  a n  a c c u r a t e  measure o f  P even 

i n  t h e  p r e s e n c e  d f  a r easonab ly - s i zed  gap d2. 

however, i s  t o  change t h e  observed  v a l u e  o f  u by r e d u c i n g  t h e  f i e l d  

i n  r e g i o n  1. T h i s  e f f e c t  can be  shown by s o l v i n g  Eq. ( 3 6 )  and ( 3 7 )  

1 
What t h e  gap does ,  

f o r  El and r e p l a c i n g  a by E kl El ; t h i s  g i v e s  

El = V (dl + K1 d2/K2). (39 )  

I n  "he c a s e  o f  a f e r r o e l e c t r i c  s u b s t a n c e  whence AL1>>K2 

a r i s i n g  from t h e  gap can  be l a r g e ;  f o r  example,  K2 f o r  K H 2 P 0 4  can  be  

t h e  e r r o r  
¶ 

as l a r g e  as 1 0 0 , 0 0 0 .  

S u c c e s s i v e  o b s e r v a t i o n s  o f  60-cps h y s t e r e s i s  l o o p s  were made on 

a s i n g l e  specimen t o  which had been  a p p l i e d  i n  t u r n  e l e c t r o d e s  of 

s i l v e r  p a s t e ,  vacuum-evaporated metal, and t h e n  ( i n  some c a s e s )  

s i l v e r  p a s t e  a g a i n .  S e v e r a l  s i n g l e - c r y s t a l  specimens o f  t r i g l y c i n e  

s u l f a t e  ( l a r g e  v a l u e  of K 2 )  and t a r t a r i c  a c i d  (small  v a l u e  of K 2 )  
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c 

were used .  The e v a p o r a t e d  metal was g o l d  o r  indium. 

A s  a r e s u l t  o f  t h e s e  measurements,  t h e  f o l l o w i n g  c o n c l u s i o n s  

are drawn. (1) Indium adhe res  b e t t e r  t h a n  g o l d ,  b u t  i t  t e n d s  t o  

d i f f u s e  i n t o  clumps a f t e r  s e v e r a l  weeks i n  a i r  l e a v i n g  s p a r s e l y -  

covered  r e g i o n s  between t h e  clumps, ( 2 )  Cleaning  t h e  specimens 

s u c c e s s i v e l y  i n  1-1-1 t r i c h l o r o e t h a n e ,  e t h a n o l ,  and d i s t i l l e d  w a t e r  

b e f o r e  vacuum p l a t i n g  g i v e s  s i g n i f i c a n t l y  b e t t e r  r e s u l t s ,  and adhe- 

s i o n  t h a n  vacuum p l a t i n g  on to  a f r e sh ly - sanded  s u r f a c e .  ( 3 )  F o r  

TGS, e v a p o r a t e d  metal e l e c t r o d e s  g i v e  v a l u e s  f o r  Ps t h a t  are  3% t o  

1 4 %  h i g h e r  t h a n  t h e  t h e  v a l u e s  o b t a i n e d  f o r  s i l v e r  pas te  e l e c t r o d e s .  

( 4 )  The s u p e r i o r i t y  o f  t h e  metal e l e c t r o d e s  i s  g rea t e r  f o r  TGS 

t h a n  f o r  t a r t a r i c  a c i d .  

SUMMARY 

Measurements o f  t h e  e l e c t r o c a l o r i c  e f f e c t  were made on s i n g l e  

c r y s t a l s  o f  t a r t a r i c  a c i d ,  but  t h e  r e s u l t s  are no t  r e p o r t e d  here be- 

c a u s e  t h e  s p e c i f i c  heat o f  t h i s  s u b s t a n c e  as a f u n c t i o n  o f  tempera- 

t u r e  i s  n o t  y e t  a v a i l a b l e .  

The method o f  o b t a i n i n g  P s ( T )  by means o f  t h e r m a l  d e p o l a r i z a -  

t i o n  c u r r e n t s  was v a l i d a t e d  by t r i a l s  w i t h  a previous ly-measured  

s u b s t a n c e ,  t r i g l y c i n e  s u l f a t e .  Then t h e  thermal  d e p o l a r i z a t i o n  

method was used  t o  o b t a i n  P s ( T )  o f  t a r t a r i c  a c i d ,  a s u b s t a n c e  f o r  

which c o n v e n t i o n a l  methods f o r  measuring P s ( T )  a r e  n o t  f e a s i b l e .  

The p y r o e l e c t r i c  c o e f f i c i e n t  o f  t a r t a r i c  a c i d  from 104’K t o  33OoK 

was computed from t h e  v a l u e s  o f  P s ( T )  s o  o b t a i n e d .  

Experiments  r e v e a l e d  t h a t  vacuum-plated metal e l e c t r o d e s  g i v e  

h ighe r  (and  presumably b e t t e r )  v a l u e s  o f  p o l a r i z a t i o n  t h a n  do measure- 



ments w i t h  metal f o i l  o r  s i l v e r  p a s t e  e l e c t r o d e s ,  3% t o  1 0 %  h i g h e r  

f o r  t r i g l y c i n e  s u l f a t e  a t  60-cps. 

APPENDIX A :  DEFINITION OF TERMS AND SYMBOLS 

R a t i o n a l i z e d  MKS u n i t s  are used th roughou t .  Thermodynamic 

fo rmulas  such  as dU = TdS + Xdx t EdP are  w r i t t e n  f o r  a u n i t  volume 

of material. T h i s  p rocedure  i s  n o t  e x a c t l y  p r o p e r  because  t h e  t h e r -  

modynamic s y s t e m  ( t h e  expe r imen ta l  c r y s t a l )  changes i t s  volumd 

s l i g h t l y ,  b u t  on ly  i n a p p r e c i a b l e  e r r o r s  r e s u l t .  

C = Cur ie  c o n s t a n t .  Curie-Weiss Law i s  x = C / ( T  - T p ) .  

cE = S p e c i f i c  heat a t  c o n s t a n t  f i e l d  (and z e r o  s t r e s s ) .  

c 

D = E l e c t r i c  d i s p l a c e m e n t .  D = cOE + P.  

E = Applied e l e c t r i c  f i e l d .  

G1 = E l a s t i c  G i b b s  f u n c t i o n .  

G10 = G1 a t  some ( a r b i t r a r y )  r e f e r e n c e  t e m p e r a t u r e .  

p = E l e c t r i c  d i p o l e  moment. 

p = E l e c t r i c  p o l a r i z a t i o n  p e r  volume. Ps i s  t h e  spontaneous  

= S p e c i f i c  heat a t  c o n s t a n t  p o l a r i z a t i o n  (and  z e r o  s t ress ) .  P 

G1 = U - TS - xX. 

e l e c t r i c  p o l a r i z a t i o n  pe r  volume. 

PE = P y r o e l e c t r i c  c o e f f i c i e n t  a t  c o n s t a n t  f i e l d  (and s t r e s s ) .  

S = Entropy p e r  volume. 

T = Temperature  i n  d e g r e e s  Kelv in .  

Tc = C r i t i c a l  t e m p e r a t u r e  ( l o o s e l y  s p e a k i n g ,  e i t h e r  Tf or T P ) .  

Tf = F e r r o e l e c t r i c  Cur i e  t empera tu re  = t h e  t e m p e r a t u r e  a t  which 

Ps disappears  when t h e  s u b s t a n c e  i s  heated.  

T = P a r a e l e c t r i c  Cur i e  t empera tu re  as d e f i n e d  by t h e  Curie-Weiss 
P 

Law, x = C / ( T  - T p ) .  
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U = I n t e r n a l  energy  p e r  volume. 

X = Applied s t ress .  ( T e n s i l e  s t ress  has a p o s i t i v e  s i g n . )  

x = S t r a i n .  ( E l o n g a t i o n  h a s  a p o s i t i v e  s i g n . )  
-12 2 2 

E = E l e c t r i c  p e r m i t t i v i t y  o f  vacuum = 8.85 x 1 0  c o u l  /nom . 
0 

r 

b 5 = Devonsh i r e ' s  s i x t h - o r d e r  c o e f f i c i e n t  ( o f  P ) i n  G-expansion. 

5 = Devonsh i r e ' s  f o u r t h - o r d e r  c o e f f i c i e n t  ( o f  P ) i n  G-expansion. 4 

( J ,  a p p e a r s  as a m i s p r i n t  i n  p l a c e  o f  5 i n  Eq. 7 and 9 o f  S t a t u s  

Repor t  No. 1.) 

p = Mass d e n s i t y .  

x = E l e c t r i c  s u s c e p t i b i l i t y .  d P  = ~ ~ x d E .  

s u b s c r i p t s  such  as p ( p a r a e l e c t r i c ) ,  or s u p e r s c r i p t s  such  as T 

( c o n s t a n t  t e m p e r a t u r e ) ,  X ( c o n s t a n t  s t r e s s ) ,  e t c .  

The symbol x may c a r r y  

J, = The n o n - l i n e a r  p o l a r i z a t i o n  f u n c t i o n  i n  t h e  Devonshire  expans ion .  

Usua l ly  w r i t t e n  $ ( P ) .  

J,' = The d e r i v a t i v e  o f  J , ( P )  w i t h  r e s p e c t  to P.  Usua l ly  w r i t t e n  

$ ' ( P I  0 

2 
w =  Devonsh i r e ' s  second-order c o e f f i c i e n t  ( o f  P ) i n  G-expansion. 

NOTE: Equa t ions  i n  t h e  two Status Repor t s  are numbered i n  order 

b e g i n n i n g  w i t h  t h o s e  i n  S t a t u s  Report  No. 1. 
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APPENDIX B: SUMMARY OF PREVIOUS STATUS REPORTS 

. 

S t a t u s  Repor t  No. 1 c o n t a i n s  a thermodynamic d e s c r i p t i o n  o f  

t h e  e l e c t r o c a l o r i c  e f f e c t ,  t h e  p y r o e l e c t r i c  e f f e c t ,  and t h e  re la-  

t i o n s h i p  between them. Such a d e s c r i p t i o n  i n c l u d e s  t h e  p r o p o s i t i o n  

tha t  bo th  e f f e c t s  a r i s e  from t h e  same c r y s t a l l i n e  p r o p e r t i e s  and 

t h a t  t h e  r e l e v a n t  thermodynamic c o e f f i c i e n t s  can  be de t e rmined  from 

measurements o f  t h e  e l e c t r o c a l o r i c  e f f e c t .  So -ca l l ed  " t e r t i a r y  

e f f e c t s " ,  which a r i se  from t empera tu re  g r a d i e n t s  o r  f i e l d s  and can 

be so l a r g e  t h a t  t h e y  mask t h e  r e a l  e f f e c t s ,  a r e  more e a s i l y  e l i m i -  

n a t e d  from t h e  e l e c t r o c a l o r i c  measurements t h a n  from t h e  p y r o e l e c t r i c  

measurements .  

The a p p a r a t u s  and t echn iques  t h a t  were d e v i s e d  f o r  r e g u l a t i n g  

a c c u r a t e l y  t h e  t e m p e r a t u r e  of t h e  e x p e r i m e n t a l  chamber and f o r  

making s imul t aneous  measurements of  t h e  changes  i n  e l e c t r i c  p o l a r i -  

z a t i o n  and t empera tu re  t h a t  occur  w i t h  changes i n  a p p l i e d  f i e l d  

were d e s c r i b e d .  

S t a t u s  Repor t  No. 2 i nc luded  a n  account  o f  t h e  measurements 

o f  t h e  e l e c t r o c a l o r i c  e f f e c t  i n  KH2P04 o v e r  t h e  t empera tu re  r ange  

from 78OK t o  136OK. 

c i e n t  and i t s  v a r i a t i o n  w i t h  t empera tu re  were de te rmined  from t h e  

measured e l e c t r o c a l o r i c  e f f e c t .  R e l i a b l e  v a l u e s  f o r  t h e  Devonshi re  

c o e f f i c i e n t s  cou ld  n o t  be  de te rmined  from t h e  e l e c t r o c a l o r i c  e f f e c t  

because  t h e i r  d e t e r m i n a t i o n  depends upon measured v a l u e s  o f  changes  

i n  p o l a r i z a t i o n ,  and  t h e  p o l a r i z a t i o n  of  KH2P04 i s  n e a r l y  s a t u r a t e d  

i n  t h e  n e a r l y - r e v e r s i b l e  t a i l  o f  t h e  h y s t e r e s i s  loops  where t h e  

e l e c t r o c a l o r i c  measurements a r e  v a l i d .  ( E . g . ,  s e e  F ig .  4 of  S t a t u s  

Report  No. 2 .  ) 

Numerical v a l u e s  f o r  t h e  p y r o e l e c t r i c  c o e f f i -  



Report  No. 3 d e s c r i b e s  t h e  changes i n  t h e  a p p a r a t u s  and 

t e c h n i q u e s  t h a t  were made t o  pe rmi t  measurements o f  changes of 

p o l a r i z a t i o n  i n  t h e  n e a r l y - r e v e r s i b l e  t a i l s  o f  t h e  h y s t e r e s i s  l oops  

( i . e . ,  i n  t h e  " s a t u r a t i o n "  r e g i o n ) .  These changes i n c l u d e d  t h e  

u s e  o f  (1) a w e l l - r e g u l a t e d ,  h igh -vo l t age  d-c power s u p p l y ,  ( 2 )  

a much more s e n s i t i v e  d-c a m p l i f i e r  w i t h  a much h ighe r  i n p u t  resist-  

ance  f o r  measurements o f  p o l a r i z a t i o n ,  and ( 3 )  a c h a r g e - b i a s i n g  

p r o c e d u r e  t o  s u p p r e s s  t h e  ze ro  of  t h e  charge-measuring equipment.  

Measurements o f  b o t h  AT/AP and AT/AE were made f o r  po tass ium d ihy-  

d rogen  phosphate  o v e r  t h e  e n t i r e  t e m p e r a t u r e  r ange  f o r  which t h e  

e l e c t r o c a l o r i c  e f f e c t  i s  a p p r e c i a b l e ,  77OK t o  136OK. These measure- 

show t h a t  maximum s e n s i t i v i t y  f o r  low-impedance p y r o e l e c t r i c  de t ec -  

t o r s  used  i n  t h e  f e r r o e l e c t r i c  s t a t e  i s  n o t  o b t a i n e d  u n t i l  t h e  ap- 

p l i e d  b i a s i n g  f i e l d  i s  s u f f i c i e n t l y  large t o  b r i n g  t h e  specimen i n -  

t o  t h e  n e a r l y - r e v e r s i b l e  t a i l  o f  t h e  h y s t e r e s i s  l oop .  The s e n s i t i -  

v i t y  of a p y x c 1 c c t r i c  d e t e c t o r  o p e r a t e d  i n  t h e  p a r a e l e c t r i c  s t a t e ,  

can  be c o n t r o l l e d  o v e r  a w i d e  range  by a s u i t a b l e  b i a s i n g  f i e l d ,  

t h e  s e n s i t i v i t y  i n c r e a s i n g  w i t h  t h e  f i e l d .  

A r e l a t i v e l y  s i m p l e  e x p r e s s i o n  was found which gave a good f i t  t o  

measured v a l u e s  of (AT/AP)S f o r  KH2P04 o v e r  t h e  e n t i r e  t e m p e r a t u r e  

r a n g e ,  r i g h t  t h rough  t h e  Cur ie  t e m p e r a t u r e .  It i s  

( a E / a W T  = ( p ~ p / ~ ) ( ~ ~ / ~ ~ ) S  = 3.63 x i o  7 P - 4 , 8 0  x i o  1 2  P 5 . 

On t h e  o t h e r  hand, a G i b b s  f u n c t i o n  G1 t h a t  a c c u r a t e l y  d e s c r i b e s  

b o t h  t h e  f e r r o e l e c t r i c  behav io r  and t h e  p y r o e l e c t r i c  c o e f f i c i e n t  

o v e r  t h e  e n t i r e  r ange  o f  t empera tu re  c o u l d  n o t  b e  found.  

The v a r i a t i o n  w i t h  t empera tu re  and f i e l d  o f  a n  i n n e r  f i e l d  
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APPENDIX C :  LIST OF EQUATIONS 

A l i s t  o f  t h e  most impor t an t  e q u a t i o n s  from p r e v i o u s  r e p o r t s  

i s  g i v e n  below. Equa t ions  are  numbered c o n s e c u t i v e l y ,  as they  

f irst  appeared  i n  t h e  r e p o r t s .  

dU = TdS + Xdx + EdP 

dT = (y/pcp)PdP ( 6 )  

dG1 = -SdT - xdX + EdP 
- 4 6 - G10 + wP2/2 + S P  / 4  + < P  /6  G1 

dP = PXyEdT where p = ( a P / 2 T ) X , E .  
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bubbles which ammonium hydrogen sulfate has acquired because it is 

very deliquescent. If the material can be dried before it crystai- 

lizes, we may be able to grow usable crystals. 
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